Three species of Juglans occur naturally in Texas. Eastern Black walnut, J. nigra is found in eastern to central Texas. J. major, the Arizona walnut, is reported in scattered, disjunct populations from central to west Texas. J. microcarpa, the Little walnut, occurs from central to west Texas. Hybrids between all species have been previously reported. Collections were made from several autochthonous populations of each species, some previously undocumented, for the purpose of providing germplasm for use in the NCGR-Davis. Samples were characterized for morphological descriptors of nuts and leaves, revealing considerable overlap between species. DNA was extracted from each individual and evaluated using plastid microsatellite markers developed for use in the sister genus Carya. Of three loci (ccmp2, ntcp40, ntcp9), all of which show polymorphism in Carya, only one (ntcp40) was polymorphic among Texas walnuts. Samples of J. nigra from populations in the eastern U.S. revealed additional alleles for ntcp40, but remained monomorphic at the other loci. Samples of J. regia and J. mandshurica had unique alleles at all three plastid loci. Juglans microcarpa and J. major samples from Texas populations shared three alleles, two of which were the only alleles at the ntcp40 locus found in J. nigra from Texas. Observations are consistent with interspecific hybridization between Texas walnuts. Shell texture was the most convincing indication of hybridity between J. major and J. nigra. Hybrid individuals involving J. microcarpa and its sister species were suspected based on a combination of morphological and molecular characteristics.
INTRODUCTION
The walnut genus Juglans includes about 20 species typically divided into 4 sections: Juglans (including the English (or Persian) walnut of commerce), Rhysocaryon (the black walnuts), Cardiocaryon (Asian walnuts), and Trachycaryon (with only one species, J. cinerea, butternut of Eastern US) (Aradhya et al., 2007; Stone et al., 2009) . With the exception of Juglans cinerea, all native walnuts of the US are in the black walnut section Rhysocaryon, which evolved in North America (Manchester, 1982) . The sixteen extant species of the section are distributed from southern Canada to northern Argentina (McGranahan and Leslie, 1991; Stone, 2009) . Three species of section Rhysocaryon occur in Texas: Juglans nigra L., J. microcarpa Berlandier and J. major (Torrey) Heller. The climatic, edaphic and topographic diversity of the state provides habitats where the dominant black walnut of the eastern US, J. nigra, is found in sympatric populations with its more western relatives, forming interspecific hybrids. Whittemore and Stone (1997) noted that "variation of Juglans nigra in central Texas and south-central Oklahoma should be studied; specimens seemingly intermediate between J. nigra and both J. major and J. microcarpa have been seen from this area". Vines (1960) observed that J. microcarpa is closely related to J. major "and the two seem to intergrade where the distributions overlap", as in the mountains of the Trans-Pecos in Texas.
Much attention has been focused on the ecological associations of the black a ljg@tamu.edu walnuts due to the recent identification of Thousand Cankers Disease (Kolarik et al., 2011) . The disease complex involves a fungal pathogen (Geosmithia morbida) vectored by the walnut twig beetle (Pityophthorus juglandis), long known as a pest on J. major (Blackman, 1928) . The disease complex was identified when trees of J. nigra introduced into urban Colorado neighborhoods began to decline and die. Tests comparing susceptibility of Juglans species to the fungal pathogen revealed that J. nigra is the most severely affected, while J. major shows tolerance (Ned Tisserat, pers. comm.) . The identification of natural hybrids between Juglans species might contribute to the recognition of useful levels of genetic resistance.
In 2010, we were requested by walnut researchers to collect nut samples of J. microcarpa from native Texas populations in order to increase accessions in the National Clonal Germplasm Repository for Juglans, at Davis CA. That species has shown valuable traits for use as rootstocks. This seemed an opportune time to visit several mixed species walnut populations in Texas to scout for the presence of Thousand Cankers Disease and collect samples that could contribute better access and understanding of the genetic diversity of this valuable group of native trees. This report documents that collection.
MATERIALS AND METHODS
We have been actively observing and collecting from Juglans in Texas since the 1980's. Fruiting accessions of J. microcarpa and J. major at the College Station worksite were grown from seed collected in 1989, while fruiting accessions of J. nigra were grown from seed collected in 1993. Known populations of each species were targeted for collection. To plan collections efficiently, published distribution maps (Little, 1971 (Little, , 1977 Turner et al., 2003) and vouchers representing Texas Juglans at the Texas A&M University, Tracy Herbarium were studied. The herbarium study made it evident that identification of isolated vouchers of leaves and shoots is often challenging. Collections made by experienced botanists were at times misidentified. HB Parks and VL Cory, authors of the Catalogue of the Flora of the State of Texas (Cory and Parks, 1937) contributed spring flowering accessions of Carya identified as Juglans despite the presence of catkin groups in fascicles of 3, while Juglans has solitary catkins. The reverse mistake was also made, with Parks identifying leaf vouchers of J. nigra as pecan, a mistake corrected by an annotation by DE Stone. Since Parks and Cory (either singly or together) were responsible for collecting or determining 42 percent of the 54 vouchers of Texas Juglans present at the Tracy Herbarium, caution was exercised in the development of collection targets based on existing vouchers as well as in the development of criteria for species identification. Since the primary target of the collection was nut samples, and specimens would be obtained during autumn, botanical keys were consulted to obtain useful diagnostic characters to separate trees, leaves or nuts of the three species (Manning, 1957; Whittemore and Stone, 1997; Vines, 1960) .
Examination of published distribution maps for the species (Little, 1971 (Little, , 1977 Turner et al., 2003) From each tree, nuts and herbarium vouchers were collected, photographs were taken of the tree form, and nuts in husks, and GPS coordinates were recorded using a Garmin Etrex Vista HCx. Samples for DNA extraction were taken from herbarium material prior to pressing, and were maintained on ice until transfer to the lab.
Herbarium vouchers were measured to determine leaflet number, length, and width, taking those measurements from mid-leaflets of 1 to 3 middle leaves of the current season's growth. Five nuts were measured from each tree, recording (when possible) fruit (nut in the husk) length, width, height and weight. Husks were removed manually and nut length, width, height and weight were determined for the same nuts. Data were analyzed in SAS (v 9.2) using a General Linear Mixed model (Proc GLIMMIX).
Nuts were photographed under standard conditions against a light blue background for chromatic contrast, with a centimeter scale and the Munsell color chips used for pecan kernel evaluation (Thompson et al., 1996) . Nuts were oriented uniformly with three inshell nuts above the ruler and a median cross sectioned nut below the ruler. All nuts were positioned with their nut sutures parallel to the line of the ruler.
DNA was extracted using methods previously reported (Grauke et al., 2011) . In addition to Juglans samples collected for the NCGR-Davis, samples were also analyzed from previously collected Juglans accessions in our collections, and from freeze dried specimens of J. nigra associated with vouchers made by Dr. DE Stone from North Carolina and maintained at Duke University Herbarium, as shown in Table 1 . Initially, samples were profiled for 3 plastid and 14 nuclear microsatellite loci that have previously been used successfully in Carya (Grauke et al., 2011) .
Texas accessions of Juglans in the herbarium at the University of Texas were studied in an effort to confirm the distribution map presented here and to refine the identification of suspected hybrids between J. microcarpa and its sister species. Nut, leaf and molecular markers were subjected to discriminant analysis (Proc CANDISC) in SAS (v 9.2). Variables contributing to separation of species were selected based on statistical significance, new canonical variables were generated and plotted against each other to provide a visual interpretation of species relationships.
RESULTS

Collections
Collections were made from 15 accessions of J. microcarpa, ten of J. major and eight of J. nigra (Table 1) , of which 14, 9 and 6 (respectively) provided nuts for establishment in the NCGR-Davis. Seed of a putative hybrid (J. major x J. nigra) was collected and sent by request to the USDA FS Hardwood Tree Improvement and Regeneration Center in Indiana. There was no evidence found of Thousand Cankers Disease, nor of infestation by the walnut twig beetle.
Leaf Characters
Considerable overlap was observed in leaf measurements. Only the width of mature leaflets was reliable in separating all three species (Table 2) , with the narrowest leaflets occurring in J. microcarpa and widest in J. nigra. Hybrid individuals grouped with J. major in all leaf parameters. Length of petioles has been offered as a distinctive feature useful in separating species, with J. nigra having the longest (6.5 to 14 cm), J. major intermediate (3 to 6 cm) and J. microcarpa the shortest (1 to 3 or rarely 4 cm) (Whittemore and Stone, 1997). Measurements made here confirm J. nigra with the longest petioles, and within the range reported. The greater than expected length of J. microcarpa petioles prevented separation from J. major, whose petioles were within the expected range.
Nut Characters
Nut measurements were more reliable than leaf characters in separating the three species, with all dimensions of J. nigra nuts being greater than those of J. major, which were greater than those of J. microcarpa (Table 3 , Fig. 1 ). Suspected hybrids between J. nigra and J. major were intermediate in size (Fig. 2) . Qualitative differences were observed in nut texture, with nuts of J. nigra more deeply furrowed, and ridges narrower at the top. This character is visible in cross sections of the nuts (Fig. 1) and is detectable by feel.
DNA Profiles
Eight nuclear loci developed for Carya (ca10, cin4, cin13, cin22, cin23, ga39 and ga41) (Grauke et al., 2011) did not amplify well in Juglans, and were eliminated from the analysis. Three loci developed for Carya (cin20, ga38 and 1-A05) were retained, but were not as heterozygous as those developed for Juglans (Table 4) . Additional loci developed by Woeste for use in Juglans nigra (wga1, wga9, wga89, and wga276) (Dangl et al., 2005) were tested, found informative and were included in the current study. Dangl et al. (2005) analyzed Franquette (J. regia) as an accession in their study. Franquette was included in this study and produced a molecular profile consistent with their report at 4 common loci (wga1=190/190; wga4=230/230; wga9=238/242; wga321=241/241). At two additional loci, slight discrepancies were observed that could be the result of round off procedures (wga89=215/221 vs 216/220; wga118=199/199 vs 198/198) here and in Dangl et al. (2005) , respectively.
Private alleles in several loci were found for each species, with J. microcarpa having the largest number of private alleles (30) at the greatest number of loci (9). It was the only species to have private alleles at the ga38 locus (developed for Carya). Private alleles in J. microcarpa were in a regular series with 131, 133, 135 and 137, followed by 143 and accounted for the 5 of the 11 alleles found at the ga38 locus, which ranged from 119 to 143 and included 121, 123, 125, 127 and 129.
Of the three plastid loci (ccmp2, ntcp40, ntcp9) that show polymorphism in Carya, only one (ntcp40) was polymorphic among Texas walnuts. Samples of J. nigra from populations in the eastern U.S. revealed additional alleles for ntcp40, but remained monomorphic at the other loci. Samples of J. regia and J. mandshurica had unique alleles at all three plastid loci. Juglans microcarpa and J. major samples from Texas populations shared three alleles at ntcp40F (212, 234, and 228), two of which (212 and 228) were the only alleles found in J. nigra from Texas (Tables 5 and 6 ). Observations are consistent with interspecific hybridization between Texas walnuts.
A combination of morphological characters from nuts and leaves were combined with molecular markers (Table 7) to generate canonical variables ( Table 8 ) that were then plotted to show relationships among Texas walnuts (Fig. 3) . The analysis indicates that J. microcarpa is more distant from J. nigra than it is from J. major. The identification of the putative hybrids as resulting from interspecific hybridization between J. major and J. nigra is confirmed.
DISCUSSION
Some accessions had a combination of morphological characteristics that made them difficult to categorize with confidence. Manning (1957, p.126) noted that "as there are occasional variations in individual features on certain trees or branches; a combination of characters as given in the descriptions must sometimes be used". Vigorous shoots often produce atypically large leaflets that, when evaluated in isolation as a voucher, violate species descriptions. This was true for 10JMI-8 whose large leaflets on vigorous shoots are within the size category for J. major, with leaflets >2 cm in width. Nut samples of 10JMI-8 were typical of J. microcarpa. The tree had the plastid profile 206/234/406 for ccmp2/ntcp40/ntcp9 respectively, which was found in accessions of both J. major and J. microcarpa (Table 5 ). In its nuclear profile, the accession had the 131 allele of ga38 that was only found in J. microcarpa. That allele was found in 7 of the 18 microcarpa accessions evaluated and was homozygous in two accessions, confirming that 10JMI-8 is well associated with that species. It was the only accession with the 232 allele of wga4. Neither of those markers precludes the possibility of hybridity with J. major. If the tree is a hybrid of J. microcarpa and J. major, it would best be classified as J. microcarpa var. stewartii (Johnston) Manning.
Accession 10JMA-7 was also morphologically suspect in its identification, having leaves that were more narrow and longer than typical J. major, and nuts that were the smallest in that species. The tree had the plastid profile 206/212/406 for ccmp2/ntcp40/ntcp9 respectively, which was found in indisputable samples of J. major, J. microcarpa and J. nigra (Table 5) . It was the only accession having the 195 allele for wga89, and was homozygous for that allele. Previous distribution maps do not report either J. major or J. microcarpa from Brown County. The characteristics of this accession are consistent with Manning's (1957) description of J. microcarpa var stewartii, thought to be a hybrid of those J. microcarpa and J. major.
Herbarium vouchers of J. microcarpa var. stewartii were studied at the University of Texas Herbarium, in particular a voucher of Mueller 7968, collected as J. rupestris on 31-Jul-1931 from the Chisos Mts, Brewster County, Texas and cited by Manning as an example of the taxon (Manning, 1957, p.144) . The extensive collection of putative hybrids suggests that they are common. After careful evaluation of the vouchers, many were considered to be within the boundaries of J. microcarpa. Vouchers with nut samples in addition to leaves allow greater confidence in classification. Several samples of J. microcarpa var. stewartii from west Texas and the Edwards Plateau are in areas of known sympatry between the two parent species. Several vouchers from Travis County which have been annotated as that taxon could also consist of hybrids between J. microcarpa and J. nigra. Additional study including refined molecular genetic analysis will be required to unravel those mysteries. The use of the universal plastid primers reported here proved valuable in revealing differences between species and geographic regions, while providing evidence of interspecific hybridization between sympatric species. The ga38 locus developed for Carya was polymorphic and revealed private alleles that were useful in separating Juglans species. In the discriminant analysis, those two loci were the only ones that qualified on the basis of significant variation among species. The plot of the canonical variables (Fig. 3) is consistent with the identified hybrids being the result of hybridization between J. major and J. nigra, a hybrid group not previously described. Seed from one of those trees (10JMA-9) was sent at the request of Keith Woeste (Geneticist, USDA FS Hardwood Tree Improvement and Regeneration Center, West Lafayette, IN) for planting and further evaluation.
Based on the collections reported here and verified vouchers in the herbaria mentioned, the distribution of Juglans in Texas has been revised (Fig. 4) . Previous distribution maps (Little, 1971 (Little, , 1977 imply a greater abundance of J. major in the Davis Mountains than we believe to be the case. Although that species has, and probably still, exists in the area, many accessions attributed to it are evidently hybrids with J. microcarpa. The map of Turner et al. (2003) is much more accurate than Little's (1977) but is modified here by reduction in the trans-Pecos and increased distribution in central Texas, with new populations being reported from Brown, Comanche, Hamilton and Dickens counties.
Crop wild relatives added to our national germplasm collections have the potential to be integrated into breeding programs and make lasting contributions to the rootstock and scion characteristics of their domesticated kin. The geographic origins and interspecific associations of those accessions are critical to their informed utilization. The valuable resources available in our local and national herbaria deserve careful integration into the targets of germplasm collection as well as the interpretation of what has been collected. Continuing to deposit and annotate vouchers in working herbaria is a valuable way to support and maintain a valuable resource that has been built by dedicated botanists over hundreds of years. Although the distributions of crop wild relatives will continue to reflect the pressures of habitat erosion and climate change, information on the distribution of genetic diversity, within the context of interbreeding populations, is valuable in protecting the remaining populations in situ. Fig. 1 . Sample orientation and typical nut samples of three Juglans species found in Texas. Little (1971 Little ( , 1977 and Turner et al. (2003) , but incorporating the current collection and annotation of Texas Juglans vouchers at the Tracy Herbarium (TAMU, College Station, TX) and The University of Texas Herbarium (Austin, TX).
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